Background Exposure to indoor air pollution due to open burning of biomass fuel is common in low-and middle-income countries. Previous studies linked this exposure to an increased risk of respiratory illness, low birth weight (LBW) and other disorders. We assessed the association between exposure to biomass fuel sources and second-hand tobacco smoke (SHTS) in the home and adverse health outcomes in early infancy in a population in rural south India.
Background Exposure to indoor air pollution due to open burning of biomass fuel is common in low-and middle-income countries. Previous studies linked this exposure to an increased risk of respiratory illness, low birth weight (LBW) and other disorders. We assessed the association between exposure to biomass fuel sources and second-hand tobacco smoke (SHTS) in the home and adverse health outcomes in early infancy in a population in rural south India.
Methods
A population-based cohort of newborns was followed from birth through 6 months. Household characteristics were assessed during an enrolment interview including the primary type of cooking fuel and smoking behaviour of household residents. Follow-up visits for morbidity were carried out every 2 weeks after delivery. Infants were discharged at 6 months when anthropometric measurements were collected.
Results 11 728 live-born infants were enrolled and followed, of whom 92.3% resided in households that used wood and/or dung as a primary source of fuel. Exposure to biomass fuel was associated with an adjusted 49% increased risk of LBW, a 34% increased incidence of respiratory illness and a 21% increased risk of 6-month infant mortality. Exposed infants also had 45 and 30% increased risks of underweight and stunting at 6 months. SHTS exposure was also associated with these adverse health outcomes except for attained growth.
Conclusions Open burning of biomass fuel in the home is associated with significant health risks to the newborn child and young infant. Community-based trials are needed to clarify causal
Introduction
Acute lower respiratory infections (ALRIs) remain a leading cause of death among young children in the developing world with the highest risk among the youngest preschool-age children. 1 Low birth weight (LBW) is also common and an important risk factor for early infant death with 28% of all neonatal deaths attributable directly to this condition. 2 Over the past few decades, there has been an increasing focus on the role of environmental exposures in the aetiology or exacerbation of ALRIs. In the early 1950s, in London, thousands of excess deaths were associated with a severe air inversion that increased concentrations of outdoor particulate air pollution due to smoke from coal-burning household stoves. 3 More recent studies of outdoor air pollution in the industrialized world have confirmed that respirable particulate exposure, even at the relatively low levels now seen in many high-income countries, can increase respiratory mortality and morbidity. [4] [5] [6] While, outdoor exposures in low-and middle-income countries likely play a role in the incidence and severity of respiratory disease, 7 outdoor exposures are most extreme in urban environments and the vast majority of the studies on outdoor air pollution from developing countries have been done in such urban settings. Of more concern in rural areas is indoor air pollution where the use of solid, biomass fuel sources in open stoves without chimneys can produce particulate matter concentrations many times higher than those found in the worst outdoor settings. It is not uncommon to observe concentrations between 2000 and 15 000 mg/m 3 during cooking, [8] [9] [10] but very high exposures can continue throughout the day if the stove is also used for heat or the family prepares local beer or food items for sale. Previous observational studies have shown that exposure to incomplete combustion of biomass fuels increases the risk of respiratory symptoms or disease in preschool-age children by 2-to 12-fold. [10] [11] [12] [13] [14] [15] [16] [17] It is well known that certain particulate matter and other gaseous respiratory exposures can cause reduced birth weight (BW), intra-uterine growth restriction (IUGR) and preterm birth; the best examples being active and second-hand tobacco smoke (SHTS) exposure during pregnancy. [18] [19] The size of the BW effect for exposure to SHTS has been estimated at $40 g, but a majority of studies contributing to this estimate have been done in well-nourished populations with low risk of LBW. 19 In addition, recent observational studies have demonstrated significantly lower BW among infants born into homes that use biomass fuel sources for cooking. [20] [21] These studies suggest that, even in populations where LBW is relatively rare, indoor exposure of pregnant women to the products of incomplete combustion of biomass fuels can compromise the IUG of the fetus. Unknown are the effects of these environmental smoke exposures in populations at high risk for LBW and IUGR.
Data collected during a community-based, randomized trial of newborn vitamin A supplementation provided the opportunity to assess these associations in a rural south Indian population. 22 
Methods
Data for this analysis came from pregnant women and their newborn infants in two rural blocks in southern Tamil Nadu, India, who participated in a population-based, randomized trial of newborn vitamin A dosing on early infant mortality from 1998 to 2000. Details of the design, schedule of data collection and follow-up have been published previously. 22, 23 In summary, local village-based study staff enrolled pregnant women for the trial after obtaining informed consent. Information on demographic and socioeconomic factors including maternal age, education, occupation of the head of the household, literacy, type of roof, ownership of land, cattle and other household items and the type of fuel used for cooking were obtained through an interview with the mother at the time of enrolment. Also collected were data on parental smoking, previous reproductive history of the mother and details of the plan for delivery of the infant. Gestational age (GA) was estimated based on the date of onset of the last menstrual period (LMP). Although the specific design of the cook stove used in the home was not directly assessed, the vast majority of households used an open-burning approach inside the house without external ventilation.
As this was a community-based trial and $40% of women delivered at home or at rural health posts, it was not possible for study staff to be present at the time of delivery in the vast majority of cases. Following the birth of the infant, the family notified our staff and a supervisor travelled to the place of delivery as soon as possible. All infants who were alive at the time of this first study visit were dosed with either vitamin A or placebo as per their randomized assignment and BW was measured using an electronic digital infant scale (Seca model 727, Columbia, MD, USA). The median time between birth and first study visit was 28.3 h, with 81.9% of first visits occuring within 72 h. Only those weights measured within 72 h of birth were used in the analysis of BW outcomes. A history of maternal night blindness during the pregnancy was also assessed and infants were visited every 2 weeks to assess survival and signs and symptoms of common morbidities. At each visit, mothers were asked about the presence of cough, fever, difficult breathing, diarrhoea and dysentery for each day of the preceding 2-week period.
Infants were visited until they were 6 months of age, at which time anthropometric parameters were measured, a 100 000 IU dose of vitamin A was provided, and the children were discharged from the study. Infants <6 months of age who were still being followed at the completion of the study (at the end of March, 2001) were considered censored alive.
Anthropometric measurements included weight, length and mid-upper arm circumference (MUAC). Weight was measured using the same digital infant scale as for BW. Length was measured three times to the nearest 0.1 cm using a wooden length board (Schorr, Inc., Columbia, MD, USA). The median value was recorded. MUAC was measured three times on the left arm using an arm circumference tape and the median value was recorded.
Statistical analysis
Data were analysed using Stata Version 10 (Stata Corp, College Station, TX, USA). Exposure to indoor particulates due to the use of solid biomass fuel sources was defined as the use of wood or dung as the primary fuel source for cooking in the household compared with biogas or kerosene. Rural houses in this area do not have separate stoves for heating. Exposure to SHTS was defined based on reported smoking by either the mother or father in the household. Dose of SHTS exposure was based on reported number of cigarettes or bidis smoked in the household per day.
Comparisons of infant survival by exposure category were done using both a person-time approach and survival analysis. Relative risks (RRs) were calculated together with their 95% confidence intervals (CIs).
Comparisons of BW between exposure groups were made using both continuous and categorical approaches. LBW was defined as <2500 g at the time of measurement, recognizing that weights were not actually measured at birth, but at varying times following delivery. Only those infants whose weights were measured within 72 h of delivery were included in the BW analysis. Infants below the 10th percentile of weight-for-GA at birth were considered small-for-GA (SGA). 24 Preterm birth was defined as GA at birth of <37 weeks. We also categorized newborn infants into one of four mutually exclusive groups: normal (BW 42500 g and GA 537 weeks), preterm only, SGA only and both preterm and SGA.
Episodes of acute respiratory illness were constructed from the daily serial data collected every 2 weeks. An episode was defined as difficulty in breathing with fever on 51 day(s). Episodes were separated by 53 symptom-free days. RRs and their 95% CIs were used to compare the incidence of morbidities between exposure groups.
Indices of attained growth at 6 months of age including weight-for-age, height-for-age and weight-for-height Z-scores were calculated using World Health Organization growth standards. 25 Underweight was defined as worse than -2 Z-score in weight-for-age; stunting as worse than -2 Z-score in height-for-age and wasting as worse than À2 Z-score in weight-for-height.
A wide variety of potentially confounding variables were considered in the analysis of these outcomes. These included household demographic and socioeconomic indicators, maternal characteristics, delivery characteristics and the randomized treatment assignments. Potential confounding variables were initially selected based on their bivariate associations with the exposures and outcomes of interest. Next, full multivariate models were built and we used an investigator-controlled backwards selection process to exclude those that showed no evidence of confounding for any of the associations of interest. Those that remained were included in the final models. We used these multivariate models also to estimate effect modification. Poisson regression was used for analysis of morbidity rates; log-binomial regression was used for mortality analysis and comparisons of LBW, preterm birth, SGA, stunting, underweight and wasting rates; and linear regression was used for comparing continuous measures of growth (BW, height-for-age, weight-for-age and weight-for-height).
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Results
A total of 14 035 pregnant women initially agreed to participate at the time of recruitment in midpregnancy. Of these, 13 173 women delivered 12 936 live-born children ( Figure 1 ). Of these women, 1208 moved outside the study area to deliver or were lost to follow-up. Thus, 11 728 live-born infants formed the cohort for the analysis of infant survival. Approximately 2.6% of live-born children died prior to study staff first arriving at the place of delivery, mothers of another 0.18% refused to participate and EXPOSURE TO INDOOR AIR POLLUTION 15.33% had weight measured 472 h after birth. This reduced the number for the BW analysis to 9604. During the 6-month follow-up period another 334 infants died and 667 were censored alive at the time field-work was stopped, resulting in a total of 10 437 on whom 6-month anthropometry was conducted.
A majority (92.3%) of live-born infants enrolled resided in households that used wood and/or dung as a primary source of cooking fuel. Approximately 40% of infants were exposed to SHTS in their homes and 37.8% were exposed to both sources of indoor air pollution. Less than 1% of pregnant women smoked cigarettes or bidis and hence risks associated with this exposure could not be adequately assessed.
Bivariate associations of LBW, 6-month infant mortality, incidence of acute respiratory illness (ARI), measures of attained growth and exposure to biomass fuel and SHTS with a variety of potential confounding variables are presented in Table 1 . As expected, the use of wood or dung as a primary source of fuel in the home was associated with measures of lower socioeconomic status such as roof material, ownership of various household items, maternal educational level, etc.
Mean BW was 104.5 g lower (95% CI -140.1 to -68.9) and the proportion of infants with BW <2500 g was 49% higher (95% CI 1.25-1.77) among infants born to women from households who used wood and/or dung as a primary source of cooking fuel after adjusting for potentially confounding variables (Table 2) . Preterm birth and SGA were also higher among infants born into these households with increased risks of 43% (95% CI 1.11-1.84) and 21% (95% CI 1.11-1.31), respectively ( Table 2) . Using the four-group categorization, compared with the normal group, biomass fuel was associated with an adjusted 53% (95% CI 1.09-2.15) increased risk in the preterm-only group, a 21% (95% CI 1.11-1.32) in the SGA-only group and a 70% (95% CI 0.93-3.10) increased risk in the preterm and SGA group.
Exposure to SHTS was associated with lower mean BW, and increased risks of LBW and preterm birth in a dose-response fashion ( Table 2) . SHTS was not associated with SGA (Table 2 ). In the four-group comparison, only the preterm and SGA group had an elevated risk (RR ¼ 1.25; 95% CI 1.03-1.51) when compared with the normal group after adjusting for confounding variables.
No interaction between these two exposures was observed, but given the high proportion exposed to biomass cooking fuel, there was limited ability to detect such effect modification.
The use of biomass as cooking fuel was associated with increased risks of stillbirth, neonatal mortality and 6-month infant mortality, but the strength of evidence for these associations was weak (i.e. 95% CIs included 1.00) after adjustment (Table 3) . Exposure to the highest dose of SHTS in the home (410 cigarettes/bidis/day) was associated with an increased risk of stillbirth (adjusted RR ¼ 1.52), neonatal mortality (adjusted RR ¼ 1.53) and 6-month infant mortality (adjusted RR ¼ 1.59) as compared with the no exposure group (Table 3) . Exposure to the lower dose of SHTS (1-10 cigarettes/bidis/day) showed a pattern of lower excess risk, but 95% CIs included 1.00.
Both exposures were also associated with an excess risk of ARI in young infants. Biomass fuel source exposure had an adjusted 34% excess risk of ARI, and SHTS exposure had an adjusted 21% excess risk in the higher exposure category (Table 4) .
Biomass fuel use in the home was associated with significantly poorer attained growth of infants at 6 months assessed as either continuous Z-scores or using standard cutoffs to define underweight, stunting and wasting (Table 5 ). After adjustment, infants born into homes using wood or dung as a primary fuel source had a 45% increased risk of being underweight (95% CI 1.20-1.75), a 30% increased risk of stunting (95% CI 1.06-1.60) and an 8% increased risk of wasting (95% CI 0.86-1.37) at 6 months of age. In contrast, exposure to SHTS showed no association with attained growth at 6 months of age (Table 6 ). 
Discussion
The data from these analyses suggest that indoor particulate and gaseous exposures resulting from the use of biomass fuel sources at home are associated with significant adverse health effects on the fetus and young infant including poor intrauterine growth (IUG), excess respiratory morbidity, poor postpartum growth and increased early infant mortality, although the strength of evidence for the mortality association was only modest. Few data are available on the association of indoor air pollution and reproductive outcomes in populations at high risk. Only two studies have evaluated the association of indoor particulate air pollution and BW in low-income countries and both were done in populations with relatively low rates of LBW. In Guatemala, use of wood as a fuel source was associated with an adjusted 63-g lower BW compared with electricity or gas, 20 and in Zimbabwe use of high-pollution fuel (wood, dung or straw) was associated with an adjusted 175-g lower BW compared with low-pollution fuel sources. 21 We observed a 104.5-g lower mean BW after adjusting for confounding factors in a population with 430% of babies born with weight <2500 g. Our results on the effect of SHTS exposure (22 g lower in the 1-10 cigarettes/bidis/day category and 70 g lower in the 410 cigarettes/bidis/day category) are also consistent with the previous estimates of $40 g. 19 In well-nourished and hydrated populations, newborn infants typically lose weight for the first few days following delivery, after which the weight gradually increases. In a malnourished population in Bangladesh, this early decline in weight was not seen, 26 suggesting that our postbirth measures of weight may be an adequate surrogate for true BW. Even if the typical pattern of early weight loss applied in our population, the distribution of time of weight measurement following birth was similar in our exposure categories for both biomass fuel and SHTS.
There are almost no data available from high-risk settings on the influence of cook stove emissions on preterm birth and SGA. In our data, this exposure was associated with preterm birth and SGA when examined separately and when the four-group categorization was used. Adjusted for number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership, electricity in the household and SHTS exposure.
b Adjusted for head of household's occupation, number of children <5 years of age in the household, roof material, religion, maternal night blindness, place of delivery, parity, television/radio ownership and electricity in the household. Note that the model could not be fit with both maternal education and place of delivery included. Including either of these variables in separate models with the other covariates gave the similar point estimates and standard errors (SEs) for SHTS exposure. Adjusted for head of household's occupation, number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership, electricity in the household and SHTS exposure.
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b Adjusted for head of household's occupation, number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership and electricity in the household. Adjusted for head of household's occupation, number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership, electricity in the household and SHTS exposure. Adjusted for head of household's occupation, number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership and electricity in the household. PY ¼ Person-Years. Adjusted for head of household's occupation, number of children <5 years of age in the household, place of delivery, roof material, religion, maternal night blindness, maternal age, maternal education, parity, television/radio ownership, electricity in the household and SHTS exposure. Our results suggest that the level of exposure from biomass fuel sources is significantly higher than from SHTS in our setting and, given the very high prevalence of this risk factor in the population, the attributable fractions of LBW and these other adverse reproductive outcomes associated with indoor air pollution may be quite high.
Our results on the association of cooking fuel type and respiratory morbidity among young infants are generally consistent with previous reports on this topic. A systematic review of this issue conducted for the Global Burden of Disease Project showed odds ratios ranging from 1.8 to 3.1 depending on the kind of studies included, the case definitions used and the additional confounding factors included in adjusted models. 27 The adjusted RR in our analysis of 1.34 was lower than this previously observed range of excess risk. This discrepancy could be due to variations in case definition, frequency of measurement of signs and symptoms, measurement of potentially confounding variables or chance. SHTS exposure was also associated with a smaller increased risk of respiratory infections (21%) perhaps reflecting the relatively lower dose of particulate exposure compared with household use of biomass fuel. The effect size found in our study is on the lower end of previous reports, 28 but this may be explained by similar factors for the association with biomass fuel exposure.
Our results also suggest that the open burning of biomass fuels in the household is associated with poorer attained growth at 6 months of age. This was reflected in all three indicators: underweight, stunting and wasting, although the evidence for an association with wasting was weak. In contrast, we observed no association of attained growth and SHTS exposure. An analysis of data from the 1998-1999 Indian National Family Health Survey also demonstrated a significant association of household biomass fuel source with stunting. 29 Our estimate of an adjusted RR of 1.30 is lower than their estimate of 1.84 for severe stunting, but the completeness of adjustment for confounding could explain this difference. They did not report on associations with wasting or underweight but reported no association of SHTS exposure and stunting. Whether this observed association reflects a direct effect of particulate exposure on growth or it is mediated through increased morbidity, increased nutritional demands and/or lower dietary intake cannot be discerned from our data. We observed weak evidence for positive associations of biomass fuel source in the home with stillbirth and early infant mortality after adjusting for confounding. This excess risk is consistent with the few other studies in the literature that have examined this association. Studies in Ecuador 30 and South Africa 31 have observed adjusted RRs of 2.2 and 2.0 for biomass fuel use compared with cleaner fuels for infants and 1-to 5-year-old children, respectively. Even with our estimated effect size of 1.21 on 0-6 month mortality, the high prevalence of exposure suggests that the attributable fraction may be important, but larger studies are needed to more accurately measure these associations. We also observed increased risks of stillbirth and early infant mortality in households with high levels of SHTS exposure. Again, this is consistent with the evidence for associations with severe respiratory illness and SHTS exposure. 28 Although our results are generally consistent with the previous literature on the health impact of both the open burning of biomass fuel in the home and SHTS, as with all observational studies, there are limitations to the causal inferences that can be drawn from these data. Measurement of BW was limited to those infants enrolled in the original trial and, therefore, was limited to those infants who survived until the first visit by our study teams when BW could be assessed. Since early neonatal mortality is strongly associated with lower BW and preterm birth and we observed an increased risk of mortality associated with biomass fuel in the home, we may have underestimated the strength of association between the use of biomass fuel and lower BW and preterm birth. Misclassification of respiratory illness may also have affected our estimates of this association. It is likely that the sensitivity of our case definitions for lifethreatening lower respiratory tract infection was high, but the specificity was relatively low. If the primary effect of high-concentration particulate exposure is to increase the risk of severe respiratory illness, then we may have underestimated the strength of the association given, our misclassification. We attempted to control confounding by a variety of household and individual characteristics, but it is likely that residual confounding remains, especially in the association of biomass fuel and these health outcomes. In this population, 490% of households used wood or dung as a primary fuel source. As a result, the likelihood that there are unmeasured differences in these types of households is reasonable and these differences could explain part or all of the associations observed. That said, the consistency of our findings with those previously reported in the literature strengthens the evidence for a causal effect but without direct experimental designs that utilize random assignment to the reduction of indoor air pollution we cannot be sure that the associations observed are truly causal in nature. Communitybased trials of such interventions are underway and are urgently needed to create an evidence base for policy and new programs to protect the health of infants and young children. 
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KEY MESSAGES
Exposure to high concentrations of indoor smoke from open burning of biomass sources of household fuel is common in low-income countries.
These exposures are associated with important consequences for outcomes of pregnancy, and the health, growth and survival of young infants.
Community-based trials of indoor air pollution reduction are needed to confirm observational findings and to estimate the preventable fraction for these outcomes.
